The complete mitochondrial DNA (mtDNA) molecule of the ostrich, Struthio camelus, was sequenced. The size of the molecule is 16,591 nucleotides.
Introduction
It is commonly acknowledged that the primary divergence among extant members of the class Aves is that between infraclass Palaeognathae, including the orders Struthioniformes and Tinamiformes, and infraclass Neognathae, including other recent birds (for discussion and references see Sibley and Ahlquist [ 19901 and Sheldon and Bledsoe [ 19931) . The paleontological confirmation and dating of the paleognathous/neognathous divergence (if phylogenetically correct) is problematic because of the fragmentary nature of the avian fossil record. Morphological characters joining the paleognaths may also be symplesiomorphic (Carroll 1988) . The age of the oldest fossil representing extant avian orders is about 70 Myr (Olson 1992) . This fossil neognathous specimen (a tarsometatarsus bone) has been identified as loon. The oldest paleognathous fossils (Rheid) are 60 Myr old (Tambussi 1995) . In general, the avian fossil record is poor compared with that of mammals, possibly due to the buoyancy of light-boned and feathered avian carcasses, which would act against embedding in sediments.
The only complete avian mtDNA presently available in the databases is that of the chicken, (Gallus galZus) (Desjardins and Morais 1990) , a representative of neognathous birds. In the present study, we describe the complete mtDNA of a paleognathous representative, the ostrich (Struthio camelus), and propose a molecular dating of the evolutionary divergence between paleognathous and neognathous birds. Due to the fragmentary nature of the early fossil record of both paleognathous and neognathous birds, a paleontological dating of this divergence is highly problematic.
In addition to the anal-yses of complete mtDNAs, a phylogenetic analysis of complete cytochrome b genes permitted examination of the validity of the commonly accepted distinction between Palaeognathae and Neognathae.
Materials and Methods

Mitochondrial
(mt) DNA of the ostrich was isolated from fresh heart tissue following the procedure described by Arnason, Gullberg, and Widegren (1991) . The sample was kindly provided by an ostrich breeder, Leif Petterson, Kampinge, Sweden.
The mtDNA fraction was digested separately with BZn I, Spe I, and HindIII, and the fragments were ligated into M 13 mpl8/mp 19 and cloned in E. coli strain JM 109. Sequencing was performed manually by primer walking applying the dideoxy termination technique with [35S]-dATP (Sanger 1981) . The sequence of the whole molecule was determined on the basis of natural (not PCR) clones, except for one portion extending from position 143 12 to position 1333. This region was PCR amplified, and the PCR product was cloned and sequenced (three clones) in the same manner as the natural clones.
The phylogenetic analyses of concatenated sequences of protein-coding mitochondrial genes were performed using the PHYLIP (Felsenstein 1991, v. 3Sc) , MOLPHY (Adachi and Hasegawa 1996a), and PUZZLE (Strimmer and von Haeseler 1996, v. 2 .5) packages. Gaps and ambiguous alignments adjacent to gaps were excluded from the phylogenetic analyses. The analyses were performed by amino acid (aa) as well as nucleotide (nt) analysis of first and second codon positions. Two genes, NADH3 and NADH6, were not included in the phylogenetic analysis. NADH3 was excluded because its length in the ostrich deviates from that in other vertebrates described so far. The NADH6 gene was excluded because it is encoded by the opposite strand relative to the remaining protein-coding genes and differs significantly in nt and aa composition from other mitochondrial protein-coding genes. (Nunn and Cracraft 1996) ; order Galliformes, Gallus gallus (Desjardins and Morais 1990) , Alectoris philbyi (Randi 1996) , A. chucar, and Coturnix cotumix (Kornegay et al. 1993) ; order Anseriformes, Cairina moschata (Kornegay et al. 1993) ; order Struthioniformes,
Struthio camelus (present study); order Caprimulgiformes, Caprimulgus Zongirostris (Mariaux and Braun 1996) ; order Procellariiformes, Thalassarche cauta, Phoebetria palpebrata, and Macronectes giganteus ; order Gruiformes, Grus monacha and Anthropoides Virgo (Krajewski and King 1996) .
The sequence of the mtDNA of the ostrich has been deposited at the EMBL database with accession number Y 12025. Users of the sequence are kindly requested to refer to the present paper and not only to the accession number.
Results
Characteristics
of the mtDNA of the Ostrich
The length of the reported mtDNA sequence of the ostrich is 16.591 nt. The locations of the various features of the molecule are given in table 1 together with the inferred start and stop codons as determined by analogy with the mitochondrial genes of the chicken and various mammals. Boundaries of tRNA genes were determined by sequence comparison with the surveys of Kumazawa and Nishida (1993, 1995) . Position 1 of the sequence has been allocated to the 5' nt of the tRNA-Phe gene. The order of all genes is the same in the mtDNAs of the two birds. Thus, relative to nonavian vertebrate mtDNAs, the genes for NADH6 and tRNA-Glu are positioned upstream of the control region rather than the cytochrome b gene. GTG (valine) was identified as the start codon of the genes COI, COII, and NADHS. All other mitochondrial protein-coding genes have a methionine start codon (ATG/ATA). GTG is not an unusual start codon in metazoan mtDNAs (e.g., Okimoto, MacFarlane, and Wolstenholme 1990; Wolstenholme 1992 ) and has, among mammals, been found in the NADH4L gene of the blue whale (Arnason and Gullberg 1993) and in the NADHl gene of the brown rat (Gadaleta et al. 1989) . Two protein-coding genes, CO11 and COIII, are not terminated by a complete stop codon but rather by T. This is consistent with the notion that in cases when a proteincoding gene is adjacent to a tRNA gene, termination is achieved by polyadenylation of incomplete stop codons (T or TA) in the processed transcripts (Ojala, Montoya, and Attardi 1981) . The length of the NADH3 gene in vertebrates is typically ~345 nt; however, the length of the NADH3 gene of the ostrich is only 207 nt, including a stop codon (AGA). The sequence of the NADH3 gene as well as the identity of the stop codon was established by sequencing natural (not PCR) clones of both strands.
The inferred secondary structures of individual tRNA genes of the ostrich conform with those of the chicken. It is noteworthy that four tRNA genes of the two birds, tRNA-Ser(UCN), tRNA-Lys, tRNALeu(CUN), and tRNA-Asn, have adenine rather than the thymidine characterizing other vertebrates at position 8, adjacent to the amino-acyl stem. It is therefore probable that this constitution is a general avian characteristic. The difference between the two birds and other vertebrates shows that considerable structural variability may occur in vertebrate mitochondrial tRNAs. The secondary structure of tRNA-Ser(AGY) lacks the DHU arm, consistent with vertebrates in general ( fig. 1 ).
The presently described sequence of the 12s rRNA gene differs by three loop region insertions/deletions from a previously reported partial (381 nt) sequence (Cooper et al. 1992) .
Three conserved sequence blocks (CSB-1, -2, and -3) have been identified in the control regions of many vertebrates and are probably involved in the origin of H-strand replication . By sequence similarity, sequences corresponding to CSB-1 and CSB-3 were identified in the ostrich in positions corresponding to those of other vertebrates. A sequence similar to CSB-2 has not been reported in the chicken. In the ostrich, a sequence similar to CSB-2 was identified close to the 5' end of the control region. Screening of the control region of the chicken identified a similar sequence in a position corresponding to that of the ostrich. It is probable that this position of CSB-2, if correctly identified, is a common avian characteristic.
The control region of the ostrich was searched for repetitive motifs of 6 nt or longer. The number of identical blocks of this kind exceeded in no instance two, and the blocks were in no case located adjacent to each other. The longest motif is 12 nt, occurring in positions 15640-15651 and 15658-15669, respectively. A specific sequence for the L-strand origin of replication, located between the tRNA-Asn and tRNA-Cys in eutherians, is missing in the ostrich, as the tRNA-Asn and tRNA-Cys genes are separated by only 1 nt. It is therefore unlikely that L-strand replication is initated at this position unless a tRNA gene has taken over this function. As is evident in table 1, virtually all nucleotides outside the control region are an integral part of a particular feature, and searching outside the control region did not suggest the presence of any structures similar to eutherian L-strand origin of replication. Neither did searching the control region of the ostrich suggest the presence of a stern/loop structure similar to that of L-strand origin of replication in eutherians.
It is still possible that origin of L-strand replication is initiated within the control region as proposed by Desjardins and Morais (1989) . It has been suggested that the synthesis of the L-strand in Drosophila is initiated within the control region at the completion of the synthesis of the H-strand (Goddard and Wolstenholme 1978) . The nt composition of the mitochondrial proteincoding genes of the ostrich and some other tetrapods, detailed with respect to codon position, is shown in table 2. There are some differences between the two birds, as well as between birds, mammals, and Xenopus. Compared to mammals, the birds have a somewhat higher frequency of cytidine and a lower frequency of thymidine. This is most pronounced at the third and first codon positions. According to a x2 test of base frequencies at first codon position, as calculated by the PUZZLE program, some species pairs deviate distinctly (P < 0.0001) from a homogenous base composition, thereby reducing the suitability of these data for phylogenetic analysis. At the second codon position, only four species pair comparisons, all including the chicken, deviated marginally from a homogenous nt composition. The aa differences between individual protein-coding genes of the ostrich and the chicken vary over a wide range, from 4.3% (COI) to 33.9% (ATPaseQ, as shown in table 3. The overall difference between the aa sequences of the 13 protein-coding genes of the two birds is 13.8%. The cytochrome b gene, frequently used in phylogenetic analysis, is in the low range with respect to aa difference. and it is therefore reasonable to assume that tree conformities supported by the different approaches reflect true relationships. The ML analysis was extended by the use of the PUZZLE program, which computes the ML values for all possible quartets of taxa represented in the data set and combines the resulting topologies in an overall tree (Strimmer and von Haeseler 1996) . Figure 2 shows an ML tree as constructed by the PUZZLE program on the basis of the concatenated sequence of 11 protein-coding genes applying the mt-REV-22 model of aa substitution (Adachi and Hasegawa 1996b). The same topology was found by all methods in aa analysis as well as in nt analyses of first, second, and first plus second codon positions, in spite of the fact that first codon positions deviate significantly in base composition among some species pairs. The pairwise distance data of the number of aa substitutions in the present data set as well as ML distances based on the mtREV-22 model are shown in table 4. The time of the divergence between the ostrich and chicken was estimated by applying two different references, namely the divergence between birds and mammals set at 300 MYA (Benton 1990 ) and a mammalian 
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-The value for the NADH3 gene is based on 68 aa. The mean value, 13.8, refers to the overall mean difference between the aa sequences of 13 genes.
reference, A/C-60, based on the evolutionary separation between artiodactyls and cetaceans 60 MYA (Amason and Gullberg 1996) . The latter reference has been shown to provide credible datings for various mammalian divergences, deep as well as recent (Xu, Janke, and Arnason 1996; Amason et al. 1996; Janke, Xu, and Arnason 1997) . The calculations which were based on branch lengths from an ML tree as well as distance data (Roe et al. 1985) , chicken (Desjardins and Morais 1990) , ostrich (presently reported sequence), platypus , opossum , wallaroo (Janke, Xu, and Amason 1997) , mouse (Bibb et al. 1981) , brown rat (A. Hklid, unpublished sequence), horse (Xu and Arnason 1994) , Indian rhinoceros (Xu, Janke, and Arnason 1996) , harbor seal (Amason and Johnsson 1992) fin whale (Arnason, Gullberg, and Widegren 1991), blue whale (Amason and Gullberg 1993), cow (Anderson et al. 1982) , human, nonchimaeric Caucasian sequence "Lund" (Amason, Xu, and Gullberg 1996) , and gibbon (Amason, Gullberg, and Xu 1996) . The tree has been rooted by the Xenopus sequence. The NADH3 and NADH6 genes were not included in the phylogenetic analysis; NADH3 because of its deviating length in the ostrich relative to other vertebrates, and NADH6 because of its deviating nt and aa composition. No-E.
-Distance values leading to recent birds (ostrich and chicken) from a common ancestor of mammals and birds were estimated according to: (distance Xenopusibirds + distance birds/mammals -distance Xenopuslmammals)/2. The time of the chicken/ostrich divergence was then computed as half the chicken/ ostrich distance relative to the distance value for the avian lineage after the separation between birds and mammals 300 MYA. Distance values for aa sequences are given in table 4. Nucleotide distances were based on second codon position according to the model, TN, proposed by Tamura and Nei (1993) . Maximum-likelihood (ML) branch lengths were taken from the ML tree based on aa sequences, figure 2, as well as nt sequences of second codon position (TN model). Differences in evolutionary rates between birds and mammals were included in the calculations based on the divergence between artiodactyls and cetaceans, A/C-60. Rate differences were calculated on distance values according to the above scheme, as well as on ML branch lengths. According to distance values for aa and nt, the avian evolutionary rate is 0.85 times that of mammals, while ML branch lengths indicate that it is 0.68 for aa sequences and 0.64 for second-codon-position nt.
included both aa and nt sequences of second codon positions. When the avian/mammalian divergence was applied, the chicken/ostrich divergence was calculated as a proportion of the total length of the avian branch and 300 Myr i.e., the time since the divergence between birds and mammals. When A/C-60 was applied, differences in evolutionary rates between mammals and birds had to be taken into account in the calculations. The divergence times between the chicken and the ostrich are given in table 5 together with additional details of the approaches used.
The orders Passeriformes, Galliformes, Anseriformes, Struthioniformes, Gruiformes, Procellariiformes, and Caprimulgiformes were included in phylogenetic analysis of complete cytochrome b genes (for species representation, see Materials and Methods). The relationship among the orders was examined by analysis of aa sequences as well as nt sequences of first and second codon positions. All phylogenetic reconstruction methods (NJ, MP, and ML) identified the Passeriformes as the earliest avian divergence, followed in most cases by the Galliformes. The bootstrap or quartet-puzzling (QP) support values for the basal passeriform position were between 74% and 99%. The relationship among the orders Anseriformes, Struthioniformes, Gruiformes, Procellariiformes, and Caprimulgiformes was not consistently or conclusively resolved. The log-likelihood values for the topology with the ostrich basal to the neognathous birds were 2 (aa sequences) and 2.5 (nt sequences) standard errors worse (Kishino and Hase-gawa 1989) , respectively, than the values for the best The times of some mammalian and avian ordinal tree.
divergences were recently estimated on the basis of both nuclear and mitochondrial genes (Hedges et al. 1996) . Discussion
The molecular dating of the divergence between the ostrich and the chicken is complicated by the long (-300 Myr) separate evolution of the classes Aves and Mammalia (Benton 1990) . The dating of the paleognatW neognath divergence was calculated by applying as a reference the divergence between birds and mammals set at 300 MYA as well as a recently established mammalian reference, A/C-60, based on the divergence between artiodactyls and cetaceans set at 60 MYA (Arnason and Gullberg 1996) (table 5).
The molecular distance between the two birds is very similar to that between the cow and the two whales, the AK-60 reference. After calibrating for the slower evolutionary rate in birds than in the reference, the estimation suggested that the ostrich and the chicken had diverged -75 MYA (73 MYA according to aa analysis, 75 MYA according to second-codon-position nt analysis). Based on ML branch lengths and the AK-60 reference, the estimates of the chicken/ostrich divergence were 92 (aa) and 97 (second codon position) MYA, respectively. When an avian/mammalian divergence set at 300 MYA was used as a reference point, rate differences between birds and mammals did not need to be considered, since the estimation of the divergence between the two birds was based solely on the avian branch. Analyses of branch lengths, or distance data of second codon position and of aa, yielded divergence times between 85 and 98 MYA. It is possible, however, that the calculation of the divergence between the two birds, relative to the separation between birds and mammals 300 MYA, constitutes an overestimate due to more pronounced randomization effects during the long period of time (300 Myr) in question. The reason for this is that the distance values for the deep avian/mammalian divergence will be more affected by multiple substitutions than the more recent divergence between the ostrich and the chicken. This interpretation is consistent with the more recent datings of the same divergence based on second codon position, since changes at this position can be expected to be less affected by randomization than aa sequences. The dating of the divergence between the ostrich and the chicken applying AK-60 on aa and nt distance data placed the avian divergence somewhat more recent than other estimations.
It is probable that extrapolation of AK-60 over both the long mammalian and avian lineages does not fully account for the slower evolutionary rate in the avian lineage, thereby automatically placing the ostrich/chicken divergence too recent. However, until more avian data of complete mtDNAs have been established, we see no reason to deliberate further on the precise dating of the divergence between the ostrich and chicken, but to tentatively place it at 80-90 MYA. This dating is reasonably consistent with the age, 70 Myr, of the oldest neognathous fossils reported (Olson 1992 ), but much earlier than the age, 40-45 MY, of the oldest ostrich fossils (Houde and Haubold 1987) .
The avian part of the nuclear analysis included the orders Struthioniformes, Galliformes, Anseriformes, and Columbiformes.
The time of avian divergences was dated to 97 k 12 MYA. In the case of the avian mitochondrial comparison, the estimates of Hedges et al. (1996) were based on 1,267 nt of the t-RNA genes of Struthioniformes, Galliformes, Anseriformes, Psittaciformes, Columbiformes, and Ciconiformes. The estimated ordinal divergence times were 68-13 1 MYA. Since the datings of individual divergences were not given in the two data sets, the findings are not directly comparable with the present results. Based on a corresponding eutherian data set, Hedges et al. (1996) calculated that the ordinal divergences among Rodentia, Primates, Camivora, Perissodactyla, Artiodactyla, and Cetacea had taken place 99-184 MYA. Since Lipotyphla, and not Rodentia, may represent the basal eutherian lineage (Krettek, Gullberg, and Arnason 1995; D'Erchia et al. 1996; Amason, Gullberg, and Janke 1997) , and the split between Eutheria and MarsupialiaMonotremata (Janke, Xu, and Amason 1997) is still older than that between Rodentia and the orders included by Hedges et al. (1996) , the datings proposed by Hedges et al. imply eutherian origin considerably earlier than 184 MYA. Since this is hardly compatible with any paleontological or molecular mammalian findings, the mitochondrial rRNA datings, mammalian as well as avian, may need further examination.
Datings of several ordinal divergences among birds have also been calculated on the basis of a 390-nt data set of the mitochondrial 12s rRNA gene combined with 690 nt of the nuclear c-mos gene (Cooper and Penny 1997) . The dating of the earliest divergences among recent avian orders, placed in early Cretaceous by Cooper and Penny (1997) , is much earlier than suggested by our calculations based on 11 protein-coding mitochondrial genes of the Galliformes and Struthioniformes.
The conclusions of both Hedges et al. (1996) and Cooper and Penny (1997) that mammalian as well as avian ordinal diversification took place earlier than the K/T (Cretaceous/Tertiary) boundary, is in line with analyses based on complete mtDNA molecules Arnason, Gullberg, and Janke 1997; Janke, Xu, and Arnason 1997) . Even intraordinal primate divergences older than the K/T boundary have been reported . Analysis of complete cytochrome b genes of six avian orders placed the Passeriformes basal in the avian phylogenetic tree. Although phylogenetic analyses based on single genes may yield different topologies (Amason and Johnsson 1992; Cao et al. 1994) , it has been shown by statistical analysis of individual mitochondrial protein-coding genes that cytochrome b performs reasonably well in phylogenetic analysis when the taxa are separated by long branches (Cao et al. 1994) . Under these conditions, the cytochrome b topologies generally conform with those of concatenated sequences, albeit with less statistical support. A basal avian evolutionary split between paleognathous and neognathous birds has been the mainstay of avian phylogenetic analyses based on DNA/DNA hybridization distance methods (Sibley and Ahlquist 1990) . If, as the cytochrome b studies strongly suggest, the basal avian divergence is not that between the Palaeognathae and the Neognathae, it is evident that the proposed dating, 80-90 MYA, for the divergence between the ostrich and chicken may not represent the deepest divergence among recent avian orders. Thus, the present analysis of the complete mtDNAs of the ostrich and the chicken in conjunction the phylogenetic study of the cytochrome b gene, suggest that the Palaeognathae/Neognathae classification needs further examination.
